A model of stationary direct current discharges in atmospheric-pressure air is developed that accounts for deviation of plasma state from the local thermodynamic equilibrium. It is shown that at the current range 0.01-0.1 A a change in the dominant ionization mechanism takes place, from ionization by electron impact at low currents to associative ionization in atomic collisions at high currents. Results of the calculation of discharge parameters over a wide current range are presented. Calculated plasma parameters agree with the available experimental data.
Introduction
Simulations of direct current (DC) arc discharges in molecular gases at pressures of the order of one atmosphere are usually based on the approach of the local thermodynamic equilibrium (LTE). This approach is justified if the gas temperature in the discharge core is high enough (typically higher than 4000 K), which is the case if the electric current is higher than several tenths of an ampere. Recently, a number of papers have appeared on the experimental study of DC discharges in atmospheric-pressure air at electric currents in the range 0.01-0.2 A [1] [2] [3] [4] [5] [6] [7] [8] [9] . At current values that small, the gas temperature inside the discharge is rather low and non-equilibrium effects become important.
In this work, a model of low-current DC discharge column in air is developed that accounts for non-equilibrium effects. It is found that in atmospheric-pressure air plasma a change in the mechanism of ionization occurs at currents about several tens of milliamperes, resulting in a deviation, at lower currents, of the electron number density values from those corresponding to the LTE conditions. Results of the calculation of the discharge parameters over a wide current range, covering both LTE and non-LTE regimes, are presented. Calculated plasma parameters are compared with available experimental data. 
The model
We consider stationary discharges in air stabilized by heat conduction to the walls (when convective heat losses are relatively small). Under typical conditions, the length of a discharge is much larger than its radius. It allows us to neglect the axial transport terms. The discharge is assumed to have an axial symmetry.
As the discharge current decreases, non-equilibrium effects that come into play are a deviation of the electron energy distribution function (EEDF) from the Maxwellian one with the gas temperature T (more precisely, T is the translational temperature of neutral particles); a deviation of the vibrational temperature of N 2 molecules from the gas temperature (note that the vibrational temperatures of other molecular air components, O 2 and NO, are close to the gas temperature due to a fast vibrational-translational (VT) relaxation of these species); effect of diffusion on species densities. Distributions of the gas temperature T and of the mean vibrational energy ε V of nitrogen molecules along the radial coordinate r are governed by equations
Here, χ and σ are the thermal and electrical conductivity coefficients, E is the electric field, n is the gas number density, x N2 is the molar fraction of nitrogen molecules, D is the diffusion coefficient of molecules, η T and η V are the fractions of energy input transferred to gas heating and to vibrational excitation of N 2 molecules. The sum of η T and η V is assumed to be equal to unity (fractions of energy input transferred to other degrees of freedom of molecules, such as electronic excitation, etc are negligible under the conditions considered). At currents below 1 A, the gas temperature does not exceed 6000 K and radiation losses may be neglected. The term Q VT describing the VT relaxation of nitrogen molecules is written in the form
where ε V (T ) is the equilibrium value of nitrogen vibrational energy, τ VT is the time of VT relaxation. The mean vibrational energy ε V is related to the vibrational temperature T V as
, where E N2 is the vibrational quantum of the N 2 molecule. Radial distributions of the number densities n k of plasma components of various kinds k are governed by the system of diffusion equations
Here, D k is the corresponding diffusion coefficient (the ambipolar diffusion coefficient D a should be taken for electrons), the source term F k describes the net rate of generation of species of kind k in the kinetic processes of ionization, dissociation, recombination, etc. One can expect that the diffusion terms in equations (2) and (4) are small in a certain range of discharge currents in atmospheric-pressure air, and balances of vibrational energy ε V and of the densities of plasma components may be evaluated with sufficient accuracy in a local approximation. Note that conditions for the locality of equations for ε V and for the electron number density n e are, respectively,
Here, R ef is an effective radius of the discharge which will be defined below, L V and L e are diffusion lengths defined as
, where β ei is the electron-ion recombination coefficient (note that (β ei n e ) −1 is the electron-ion recombination time).
The locality of equation (2) allows us to rewrite equation (1) as
The boundary conditions for equation (6) are as follows:
Here, T w is the wall temperature, R is the tube radius. In our approach, equation (6) for the gas temperature is the only differential equation of the model. Radial distributions of other parameters (the vibrational temperature of N 2 and species densities) are calculated using the local balance equations. Note that such an approach is not applicable to non-LTE discharges in monatomic gases, where transport terms should be taken into account in governing equations for all plasma parameters: T , n e , and the mean electron energy (see, e.g. [10] ).
Knowledge of the thermal and electrical conductivity coefficients χ and σ is required for solution of equation (6) . The thermal conductivity coefficient is not affected strongly by non-LTE effects, therefore the LTE χ values [11] are used in the present calculations.
The effect of deviations from LTE on σ , which is proportional to n e , is much more substantial. A central moment for calculation of n e is the development of a kinetic model for air plasma. The set of kinetic processes that determine the ionization balance in air plasma is known relatively well for low-temperature discharge conditions, when the gas temperatures are typically lower than 1000 K (e.g. [12] [13] [14] ).
Kinetic models of high-temperature air were developed mostly for description of non-equilibrium phenomena in shock waves, at gas temperatures typically higher than 4000-5000 K (e.g. [15] ). Recently, several kinetic schemes have been proposed [16] [17] [18] for discharge conditions at high gas temperatures, up to 6000 K. A kinetic scheme used in this work includes processes with participation of In models [17, 18] the rate constants of reactions with participation of electrons are obtained by averaging the corresponding cross-sections with the Maxwellian EEDF. However, the EEDF may differ substantially from the Maxwellian one in low-current discharges due to a rather low degree of ionization. A more accurate approach to the determination of rate constants for processes with high energy thresholds (ionization, dissociation, dissociative attachment) under such conditions is based on finding the EEDF by means of solution of the Boltzmann equation. Note that the length of electron energy relaxation is much smaller than the effective discharge radius under conditions typical of a molecular plasma. Therefore, the Boltzmann equation may be solved in the local approximation: the EEDF is governed by local values of the reduced electric field E/n, the mixture composition, and the vibrational temperature T V . (Strictly speaking, the EEDF depends also on the gas temperature at very low reduced electric fields, however, in the range of E/n corresponding to the conditions considered this dependence may be neglected.) Such an approach, similar to that applied in [16] , is used in this work.
We calculated the EEDF with the use of the BOLSIG code [19] . The major neutral components that determine the form of EEDF in atmospheric-pressure air at T < 6000 K are nitrogen and oxygen molecules and oxygen atoms. Note that the degree of dissociation of nitrogen is small under the conditions considered, and collisions of electrons with N atoms do not affect the EEDF considerably. Also small is the effect on the EEDF of NO molecules (nevertheless, as will be shown below, ionization of NO by electron impact constitutes a noticeable input to the total ionization rate, due to the relatively low ionization potential of NO molecules). Cross-sections of electron collisions with O 2 and N 2 molecules in our calculations were taken to be the same as those given in the BOLSIG package [19] , for collisions with O atoms the data from [20] were used, the cross-section of NO ionization by electron impact was taken from [21] . Note that in BOLSIG calculations the vibrational temperature is assumed to be much smaller than the electron temperature.
Results of calculations show that rate constants for electrons depend on the mixture composition (i.e. on the degree of dissociation of oxygen) only slightly. This conclusion agrees with the results of analogous calculations [16] . Therefore, in our model, values of rate constants are used that have been calculated for the mixture N 2 : O 2 = 4 : 1. Approximations for the rate constants of ionization of O and NO based on our results of the EEDF calculation, and for the rate constants of ionization and dissociation of N 2 and O 2 approximations obtained from previous studies are given in the appendix.
Rate constants of ionization, dissociation and dissociative attachment calculated with the use of the BOLSIG code for conditions of vibrationally non-excited gas should be corrected in order to account for gains in electron energy in collisions with vibrationally excited nitrogen molecules (or, in other words, for the effect of non-zero T V ). Such an account is introduced by means of the factor [12, 14] 
where C = 6.5 × 10 3 Td 2 [12] and z = exp(−E N2 /kT V ).
Rate constants of dissociative recombination and threebody attachment (which are processes without a threshold) do not depend strongly on the EEDF, and for their evaluation data are used that have been obtained from previous studies with the use of the Maxwellian EEDF as a function of the electron temperature T e . An estimation of T e as two-thirds of the mean electron energy is obtained by means of the BOLSIG code.
Rate constants of ion-molecule reactions are determined by the effective temperature T ef = (mT i +m i T )/(m+m i ), where m and m i are masses of the molecule and the ion, respectively, and T i is the ion temperature depending on E/n and T (e.g. [12] ). Expressions for T ef corresponding to various ions are also given in the appendix, as well as the electron temperature T e and the electrical conductivity σ . The time of VT relaxation τ VT required for calculation of T V is taken from [22] .
In summary, the system of equations describing the discharge parameters includes differential equation (6) for the gas temperature, finite (with omitted transport term) equation (2) for nitrogen vibrational energy, a system of finite (with omitted transport terms) equations (4) for the density of each of the plasma components, and Ohm's law
where I is the discharge current.
Results and discussion
Calculations have been performed for DC discharges in atmospheric-pressure air in cooled tubes (at T w = 300 K) with radii R = 1-10 mm, for the current range 0.005-1 A. All the results shown below have been obtained taking account of all the effects discussed above unless otherwise indicated.
In figure 1 the values of the reduced electric field at the axis of the discharge are shown versus the discharge current. The dashed lines represent results obtained in the framework of the LTE model (i.e. with the use of a value of electrical conductivity corresponding to LTE at the gas temperature). It is seen that at currents greater than approximately 50 mA, results of the non-LTE and LTE models nearly coincide, the reduced electric field increasing with a decrease of I . At smaller current values of E/n(0) calculated with the LTE model continue to grow with a decrease of I , while the dependence of the values of E/n(0) obtained taking into account non-LTE effects on the current becomes very weak. In figure 2 , values of the electron number density on the axis of the discharge versus the current are given, for various values of the tube radius. It is seen that n e increases with growth of the current at high I (when the plasma state is close to the LTE) and depend on the current weakly at low I (when the plasma state is far from the LTE). Figures 3 and 4 show axial values of the gas temperature T , the electron temperature T e and the vibrational temperature of N 2 molecules T V . The gas temperature at low currents (in the non-LTE region) is nearly independent of the tube radius. At high currents, the smaller the tube radius R is, the larger the value of T . The difference between the vibrational and gas temperatures increases substantially with a decrease in R. At R = 10 mm T V is close to T across the whole range of currents. With a decrease in the tube radius at fixed I the value of n e increases (see figure 2) , resulting in an increase in T V .
The values of the linear power density Q = EI are given in figure 5 . Figure 6 shows the effective radius of the discharge R ef defined according to the expression
where j (0) = σ (0)E is the current density at the discharge axis. It is seen that R ef non-monotonously changes with the current and increases with the tube radius. In figure 7 , the relation is shown between the axial value of n e and the axial value of the gas temperature (the latter being dependent on the current, as shown in figure 3 ). The equilibrium, at the gas temperature, values of n e are also shown. Deviations from equilibrium manifest themselves at low enough values of T (0). The larger the tube radius, the smaller is the value of T (0) corresponding to the boundary between the LTE and non-LTE discharge regimes. In figure 8 the gas temperature at the axis versus the linear power density is given. The lines corresponding to various values of the tube radius are close to each other.
The transition from the LTE to the non-LTE plasma state with a decrease in the discharge current is related to the change in the ionization mechanism. At high currents, when the gas temperature is rather high, the dominant process of production of electrons is the associative ionization N + O → NO + + e. Its rate is determined by the value of the gas temperature and does not depend on T e . With a decrease in the current the reduced electric field increases and reaches a value at which the rate of ionization of gas particles by electron impact exceeds the rate of associative ionization. The change in the dominant ionization process marks a transition from the LTE to the non-LTE plasma state. Note that a noticeable difference between T e and T values takes place across the whole range of currents considered, up to 1 A (figure 4). However, as at high currents the value of T e does not substantially influence the ionization balance, the deviation of n e from its LTE value is small.
The dependence of the rate constants of ionization by electron impact on the reduced electric field is exponentially strong. As a result, the value of E/n changes with current weakly in the range of currents below the transition region (see figure 1) . Figure 9 illustrates the effects of different ionization processes. The dependences of the electric field on the current in a tube with radius R = 1 mm are calculated using various approaches for comparison. The results are shown: (1) obtained on the basis of the total non-LTE model, (2) those corresponding to the LTE number densities of both neutral and charged species, (3) calculated using the LTE number densities of neutral species, and (4) calculated without taking account of the ionization of NO molecules by electron impact. It is seen that in the region of low currents, where ionization by electron impact becomes the dominant ionization process, the difference between the results obtained with LTE (line 3) and non-LTE (line 1) densities of neutral species is small. Comparison of lines 1 and 4 shows that at low currents the major contribution to the total ionization rate is the ionization of NO molecules (it is seen that the disregarding the latter channel results in a substantial increase in the field necessary to support the ionization balance). The density of NO molecules calculated taking account of non-LTE effects appears to be close to that corresponding to LTE conditions, resulting in closeness of the electric field values shown by lines 1 and 3. Note also that calculations not taking into account processes with negative ions (without reactions [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] give discharge parameters nearly the same as those obtained using the total kinetic scheme.
As was noted above, the use of local equations for the electron number density and the vibrational energy of N 2 molecules is justified if the corresponding diffusion lengths L e and L V are much smaller than the effective radius of the discharge R ef . The corresponding ratios, calculated using the values of diffusion coefficients D and D a from [14] and the electron-ion recombination coefficient β ei = K 8 (see the appendix), are shown in figure 10 . It is seen that at large tube radius, R = 10 mm, both conditions (5) are satisfied for the whole range of electric currents. At small tube radius, R = 1 mm, the first of the conditions (5) is not satisfied at currents around 0.1 A. However, these currents correspond to the region where the difference between LTE and non-LTE values of n e is small, and an accurate calculation of T V is not crucial.
In the non-LTE range of currents, the effective radius decreases with current (see figure 6 ), resulting in an increase in the ratios shown in figure 10 . Therefore, the transport terms in equations (2) and (4) cannot be neglected in calculations of discharge parameters for currents smaller than about 0.01 A.
Comparison with experimental data
The model described above has been developed for discharges in tubes. DC discharges with free boundaries (without walls) have been studied in the available experiments [1] [2] [3] [4] [5] [6] [7] [8] [9] : lowcurrent arc discharges between parallel electrodes, with liquid [1, 3, 8] , plasma [4, 5, 9] or metal [7] cathodes, and gliding arcs [2, 6] . The heat losses were due to convection under the conditions of these experiments. Therefore, a direct comparison of the simulation results with the experimental data is not possible. Still, some common features exist between discharges stabilized by walls and those stabilized by convection. In both cases, the discharge volume includes two regions: a central conducting zone (a core) of radius R ef and an outer region (e.g. [23] ). In both cases the heat transfer from the discharge core to the outer region is due to thermal conduction, and the central part of the discharge may be described by means of the above model. Thus, with a proper choice of R ef value, the model is applicable to discharges stabilized by convection (note that such an approach was used in [24] for simulation of gliding arcs).
As an illustration of the above arguments concerning the analogy of physical processes in conducting regions of arcs stabilized by convection and those stabilized by thermal conduction to the walls, in figure 11 radial distributions are shown of the relative electron number density and gas temperature at current I = 10 mA, measured in [5] and Figure 11 . The radial distributions of the relative electron number density and gas temperature at current I = 10 mA. Points: experimental data [5] , lines: calculations for the discharge in a tube with the radius R = 1 mm. Figure 12 . The electric field versus the current. Experimental data: [4] , [6] , [7] , [8] ; simulations: (--):
non-LTE and (----): LTE. calculated for the discharge in a tube with radius R = 1 mm. (Note that the absolute value n e (0) = 1 × 10 13 cm −3 measured in [5] is about twice as large as the calculated one; for the gas temperature only the relative values are given in [5] .) It is seen that the calculated and measured distributions do not coincide in the whole region; in the outer part the experimental profile of T decreases with the growth of r much more slowly than the calculated one. However, in the central, current-carrying part of the discharge, at r < R ef = 0.26 mm, the calculated distributions are rather close to the measured ones.
The measured and calculated values of the electric field versus the current are given in figure 12. (Note that values of the radius of conducting zone R ef are in the range 0.2-1 mm under the experimental conditions, values of the tube radius R corresponding to these R ef data being between 1 and 10 mm, see figure 6.) Simulation results obtained using the equilibrium values of the electrical conductivity are also shown. It is seen that the measured values of E agree with the results of non-LTE calculations.
Conclusion
A model of DC discharges in atmospheric-pressure air that accounts for non-equilibrium effects is developed. Results of calculation of plasma parameters show that the change in the ionization mechanism occurs at currents of about several tens [30] of milliamperes. While the associative ionization in atomic collisions is the dominant mechanism at higher currents, the ionization of air components by electron impact dominates at lower currents. While the electron number density in the discharge core at higher currents is close to the LTE value corresponding to the gas temperature, at lower currents it is governed mainly by the magnitude of the reduced electric field and may considerably exceed the LTE value.
(c) T e dependence is taken in accordance with [31] , see also [12] .
The rate constants are in m 3 s −1 for two-body processes and in m 6 s −1 for three-body processes, the temperatures T and T e are in electronvolt, the reduced electric field E/n is in Td.
I NO = 9.25 is the ionization potential of NO; D N2 = 9.8, D O2 = 5.1, D NO = 6.5 are the dissociation potentials of N 2 , O 2 and NO; E N2 = 0.29, E O2 = 0.20, E NO = 0.23 are the vibrational quanta of N 2 , O 2 and NO (in electronvolt) [32] .
Equilibrium constants (in m −3 ) as functions of the temperature T (in electronvolt) calculated using the parameters of molecules, atoms and ions taken from [32] are: 
